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A promising probe to unmask particle dark matter is to observe its effect on neutron stars,
the prospects of which depend critically on whether captured dark matter thermalizes in a timely
manner with the stellar core via repeated scattering with the Fermi-degenerate medium. In this
work we estimate the timescales for thermalization for multiple scenarios. These include: (a) spin-0
and spin- 1
2
dark matter, (b) scattering on non-relativistic neutron and relativistic electron targets
accounting for the respective kinematics, (c) interactions via a range of Lorentz-invariant structures,
(d) mediators both heavy and light in comparison to the typical transfer momenta in the problem.
We discuss the analytic behavior of the thermalization time as a function of the dark matter and
mediator masses, and the stellar temperature. Finally, we identify parametric ranges where both
stellar capture is efficient and thermalization occurs within the age of the universe. For dark matter
that can annihilate in the core, these regions indicate parametric ranges that can be probed by
upcoming infrared telescopes observing cold neutron stars.
I. INTRODUCTION
By virtue of their steep gravitational potentials accel-
erating ambient particles to semi-relativistic speeds, and
their large densities enabling efficient capture, compact
stars have served as valuable laboratories for studying
dark matter (DM) [1–34]. Neutron stars (NS) in partic-
ular could provide wide-ranging constraints through one
of the following means. (a) A heat signature in old, iso-
lated, nearby NSs that may be observed by imminent
infrared telescopes [35]. The NS luminosity is sourced
by the kinetic energy of infalling DM [35–47], and in
some scenarios, additionally by the annihilation of cap-
tured DM as well. (b) Their very existence, since in
certain models involving non-annihilating “asymmetric”
DM, gravitational collapse may be triggered in the core
and a star-destroying black hole may be formed. For
captured DM to either collect and annihilate efficiently
in the stellar core or to form a black hole, it must first
thermalize with the core via repeated scattering within
timescales of interest. This is a model-dependent process,
and has direct bearing on observational prospects.
NS-DM thermalization was studied in detail in
Ref. [13], but in a setting restricted to spin- 12 DM and
vector-vector contact interactions with Standard Model
(SM) fermions. With the discovery and observation of
relevant NSs imminent [35, 36], and no clarity yet on the
identity of DM, it is timely to expand the thermaliza-
tion program to a broader range of DM scenarios. In
this study, we compute the thermalization timescales,
accounting for Pauli-blocked phase space, for spin-0
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and spin- 12 DM interacting via various Lorentz-invariant
structures with neutron and electron targets in the stellar
core, as well as treat the case of “light mediators” with
masses smaller than the momentum transfers involved in
thermalization. We then discuss the interplay of these
thermalization timescales with NS capture sensitivities.
This study thereby identifies target regions for infrared
telescope astronomers looking for DM annihilation heat-
ing of NSs. Several such regions are identified, hence
this work furthers the case for constraining the thermal
luminosity of candidate NSs.
This paper is organized as follows. In Section II we
review some general considerations in computing energy
loss rates and thermalization in the stellar core for both
non-relativistic neutron and relativistic electron targets.
We also outline the DM-SM interaction structures we
consider. In Section III we provide the thermalization
timescales for all our scenarios, and discuss their analytic
behavior with respect to DM mass, mediator mass, and
the core temperature. We also identify regions in the
space of DM and mediator masses that are promising for
upcoming astronomical observations. In Section IV we
summarize our findings and discuss the future scope of
our work. In the appendices we collect technical details
of our estimation of the thermalization timescales.
II. THERMALIZATION: GENERAL
CONSIDERATIONS
In treating DM-NS thermalization we implicitly as-
sume that incident DM is gravitationally captured by
the NS. In Sec. III we will check this assumption expl-
citly and discuss the phenomenological implications.
Captured DM particles thermalize with the NS by los-
ing energy via repeated scattering with particles in the
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medium. The time taken to achieve thermalization may
be divided into two epochs. In the first epoch of inter-
val t1, the orbits of gravitationally bound DM particles,
which are highly eccentric, shrink as the DM loses energy
during transits, until they become confined to within the
NS radius. In the second epoch of interval t2, the con-
fined DM particles scatter further with the NS medium;
their orbits continue to shrink down to the “thermal ra-
dius” determined by the NS core density and temper-
ature. When this is completed the DM kinetic energy
equals the NS temperature TNS. As shown in Refs. [7, 37],
t2 exceeds t1 by a few orders of magnitude, thus the to-
tal thermalization timescale is determined by the second
epoch. Consequently, in this work we focus solely on this
second epoch.
The interaction rate of DM with fermion degenerate
matter is described by Fermi’s golden rule that accounts
for the phase space available for scattering. Consider the
elastic scattering of a DM particle χ off a distribution of
target particles T : χ(k) + T (p) → χ(k′) + T (p′). The
interaction rate per DM particle reads [13]:
dΓ = 2
d3k′
(2pi)3
S(q0, q) ,
S(q0, q) =
∫
d3p′
(2pi)32Ep′2Ek′
∫
d3p
(2pi)32Ep2Ek
×
(2pi)4δ4 (k + p− k′ − p′) |M|2f(Ep) (1− f(Ep′)) , (1)
where the second line above is the response function. The
Fermi distribution function of the target particles with
chemical potential µ is:
f(Ep) =
1
exp((Ep − µ)/TNS) + 1 . (2)
The rate of energy loss is given by
Φ =
∫
dΓ× (Ei − Ef ) , (3)
where k′ is integrated from 0 to k. Using this we can
write down the time taken to thermalize with the NS,
i.e. to reach a final energy Ef = 3/2 TNS starting with
an initial energy E0 = mχv
2
esc/2:
τtherm = −
∫ Ef
E0
dEi
Φ
. (4)
We thus see that the key quantity determining ther-
malization is the response function, which in turn de-
pends on χ-T interaction structure via the squared am-
plitude |M|2. We now inspect these ingredients in more
detail.
II.1. The response function
Integrating Eq. (1) over p′, the response function be-
comes
S(q0, q) =
∫
d3p
(2pi)22
|M|2
16Ep′Ek′EpEk
×
δ (q0 − Ep + Ep′) f(Ep) (1− f(Ep′)) , (5)
where the δ3 has simply enforced momentum conserva-
tion, q = p′ − p. While DM particles move at semi-
relativistic speeds during NS capture, thermalization
occurs after they have slowed down to non-relativistic
speeds, thus we always set Ek = Ek′ = mχ. On the
other hand, the target could be either relativistic or non-
relativistic. Neutrons (as well as protons and muons) in
the stellar core typically have Fermi momenta pF smaller
than their rest mass mT and are thus expected to be
non-relativistic, whereas electrons are highly degenerate
(pF  mT ) and hence ultra-relativistic. We consider DM
scattering on both neutrons and electrons in the core.
For non-relativistic scattering targets, we have Ep =
mT + p
2/(2mT ). Assuming the squared amplitude de-
pends only on the Mandelstam variable t 1, the response
function in the limit µ  TNS is obtained, following the
treatment in Ref. [48], as:
Snon−rel(q0, q) =
|M|2
16pim2χ
q0
q
Θ
(
µ− 1
4
(q0 − q2/2mT )2
q2/2mT
)
,
(6)
where q ≡ |q|, a notation we use for the remainder of
the paper. Note that we recover the approximate re-
sponse function quoted in Refs. [13, 48] by rewriting the
Heaviside theta function above in terms of q0, and by
keeping only the leading order term in the Fermi velocity
(vF =
√
2µ/mT ):
Snon−relapprox (q0, q) ≈
|M|2
16pim2χ
q0
q
Θ(qvf − q0). (7)
This form of the response function holds true only in
the deeply non-relativistic limit, whereas Eq. (6) is valid
also in the quasi-relativistic regime, thus allowing us to
smoothly transition from the non-relativistic to the rela-
tivistic limit. Despite these analytical differences in the
response functions, as we shall see later, for DM-NS ther-
malization they matter little.
Next we examine relativistic electron targets. It is ex-
pected that electrons inside old NSs are completely rel-
ativistic [49–51], with typical chemical potentials µF =
O(0.1) GeV. In this limit, integrating Eq. (1) over p′, p
1 If the squared amplitude depends on both t and s, integration
over the azimuthal angle in Eq. (5) is non-trivial and analytic
results are not easily obtained. Since t-only-dependent squared
amplitudes already span the range of interesting behavior for
thermalization, we study only interactions giving rise to them.
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FIG. 1. Regions of phase space allowed in the response func-
tions in Eqs. (6) and (8) for neutron and electron targets,
encapsulating non-relativistic and relativistic kinematics re-
spectively, as well as Pauli-blocking. Also shown is the region
q0 < vescq, depicting dark matter kinematics after capture.
During dark matter thermalization with the neutron star core,
scatters only occur where the above two regions overlap. The
timescale for the thermalization process is set by the last few
scatters with q, q0 much smaller than target masses, i.e. by
the bottom left region of this plot.
gives the following response function in the µ  TNS
limit, as derived in Appendix (A).
Srel(q0, q) =
|M|2
16pim2χ
q0
q
Θ(2µ+ q0 − q). (8)
We notice that the response function for neutron and
electron targets have similar forms, except for the theta
functions that enforce Pauli-blocking in non-relativistic
and relativistic regimes, respectively . To understand
this phase space restriction better, we display in Fig. 1
regions where the response functions in Eqs. (6) and (8)
are non-zero. We also show the region q0 < vescq, which
depicts the phase space occupied by DM after capture.
Here vesc = 0.6c is the surface escape speed of a typical
NS. For reference, the diagonal black line denotes q0 = q.
Successful scattering can occur in regions that overlap
with DM phase space.
The allowed regions in the response functions could
be further understood through the following. During
thermalization, DM particles (targets) continuously lose
(gain) energy, i.e. q0 ≥ 0. Thus from Eqs. (6) and (8) we
have the condition q <
√
8µmT for successful scattering
on neutrons, and similarly q < 2µ for electrons. These
conditions imply that scattering in all directions is al-
lowed for neutron targets, whereas scattering could be
restricted to forward directions for electron targets. To
see this, consider the scattering angle in neutron scat-
tering, cos θpq = (2mT q0 − q2)/(2 pq), obtained from en-
ergy conservation. Using q0 ≥ 0 and the above con-
dition, we have cos θpq > −
√
2µnmT /p. For neutron
targets the numerator is O(0.1) GeV, whereas p is much
smaller, hence this inequality is weaker than the condi-
tion cos θpq > −1. On the other hand, for electron tar-
gets we have cos θpq = (2 pq)
−1(q20 + 2pq0− q2), implying
cos θpq > −µe/p. Since p ∼ µe, this condition could be
more restrictive on backward scattering.
These considerations, however, have little effect on our
final estimates. The timescale for thermalization is set
primarily by the last stages of the process, involving dark
matter kinetic energies approaching the stellar temper-
ature. It can be seen, most clearly in the analytic ex-
pressions in Appendix B, that the rate of energy loss in
Eq. (3) is smallest for these last scatters, and therefore
that the times taken for these are the longest. In this
regime q, q0 are much smaller than µ and target masses,
i.e. the phase space here is the bottom left corner of
Fig. 1, where all response functions overlap with the DM
phase space. In this region the theta functions in Eqs. (6)
and (8) are trivially unity.
As discussed in Ref. [13], the above treatment of DM
kinematics and Fermi-degenerate phase space yields non-
trivial results that are otherwise missed by simpler treat-
ments of Pauli-blocking such as in Ref. [10]. For in-
stance, for momentum-independent |M|2, τtherm scales
as m−1χ T
−2
NS for mχ  mT in our treatment (as de-
rived below). This differs from the result of Ref. [10]:
τtherm ∝ m2χT−1NS . Not only does the thermalizaion time
decrease as a different power of the NS temperature in
our result, but counter-intuitively, it decreases as the DM
mass (hence initial kinetic energy) is increased. This be-
havior is only captured by the full treatment as above.
Another counter-intuitive result in our treatment is the
total number of scatters that DM undergoes before ther-
malizing with the NS. As estimated in Appendix C, it
only takes O(10 − 100) scatters for the DM kinetic en-
ergy to fall from mχv
2
esc/2 to TNS ' 0.1−10 eV, whereas
the calculation of Ref. [10] predicts that the number of
scatters could be orders of magnitude more.
II.2. Equation of state and neutron star properties
The macroscopic properties of a NS such as its mass
and radius, as well as thermoydnamic quantities like
the chemical potential of constituent fermions (neutrons,
protons, electrons and muons), are estimated from the
equation of state (EoS) of matter at nuclear densities.
The EoS is derived from fits to available data at large
finite densities [50, 51].
From the discussion above, the thermalization time is
mostly independent of the chemical potential in the limit
µ/TNS  1, as well as other macroscopic properties of
the NS. As mentioned before, small energy and momen-
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Name Operator
∑
spins |M|2
OF1 (χ¯χ)
(
ξ¯ξ
)
Λ−4
(
4m2χ − t
) (
4m2T − t
)
OF2
(
χ¯iγ5χ
) (
ξ¯ξ
)
Λ−4 t
(
t− 4m2T
)
OF3 (χ¯χ)
(
ξ¯iγ5ξ
)
Λ−4 t
(
t− 4m2χ
)
OF4
(
χ¯iγ5χ
) (
ξ¯iγ5ξ
)
Λ−4 t2
OS1
(
χ†χ
) (
ξ¯ξ
)
Λ−2
(
4m2T − t
)
OS2
(
χ†χ
) (
ξ¯iγ5ξ
)
Λ−2 (−t)
TABLE I. Effective contact operator interactions with cutoff
Λ between the dark matter field (χ) and neutrons/electrons
(ξ), and the corresponding squared tree-level scattering ampli-
tudes. Operators with superscript F(S) correspond to spin- 1
2
(spin-0) DM. See Sec. II.3 for more details.
tum transfers govern the thermalization time. Physically,
the target particles that participate in scattering are ex-
tremely close to their Fermi surface, with the minimum
number of target particles participating in scattering pro-
portional to q0 ∝ 2TNS > 0. For a typical old NS with
TNS = 10
3−105 K ' 10−10−10−8 GeV and µ ∼ 0.1 GeV,
we are always in the degenerate limit. In other words,
τtherm is a function of masses and TNS only.
For DM capture in the NS it is well known that the NS
profile dependence of the capture rate could be as large
as an order of magnitude [35, 37, 47]. In presenting the
interplay of our results with NS capture we choose the
following benchmark predicted by the unified equation of
state BSk-24 [52]:
MNS = 1.5 M, RNS = 12.6 km
µn = 373 MeV, µe = 146 MeV. (9)
The chemical potentials here are the volume-averaged
values, which we adopt for our estimates of the capture
rate in Sec. III.
II.3. Interaction structures
In Table I we provide the spin-averaged squared ampli-
tudes for various contact operator interaction structures
for both spin- 12 and spin-0 DM. These structures are cho-
sen to span the possibilities of |M|2 dominated by var-
ious powers of the Mandelstam t, hence of the transfer
momentum and energy. This also results in a range of
dominant dependences in the cross section on target spin
and/or DM velocity at terrestrial direct detection exper-
iments [53].
We assume that these interactions arise from t-channel
mediators of mass mφ, thus the effective operator treat-
ment is only valid for mφ exceeding the typical q in
the thermalization process. For more general mediator
masses we make the following substitutions in Table I.
For spin- 12 DM, we substitute Λ
−4 → g2χg2T /(m2φ − t)2,
where the gi are the mediator’s couplings to χ and T .
We set these to a reference value gχ = gT = 10
−5
throughout this paper. For spin-0 DM, we substitute
Λ−2 → a2χg2T /(m2φ − t)2, where aχ is a trilinear coupling
between χ and a spin-0 mediator. We set these to a ref-
erence value aχ = 0.1 MeV, gT = 10
−5 throughout this
paper.
We see that for our choice of operators the |M|2 are
given by linear combinations of powers of t. Thus the
energy loss rate in Eq. (3) can be computed for separate
powers of t, which becomes useful in the heavy mediator
limit for non-relativistic targets, for which analytical ex-
pressions may be obtained. We provide these expressions
in Appendix B.
III. RESULTS
We now numerically compute the thermalization time
using Eq. (4), and display it as a function of mχ for spin-
1
2 DM and neutron targets in Fig. 2, for spin-
1
2 DM and
electron targets in Fig. 3, and for spin-0 DM and both
targets in Fig. 4. We show this for four choices of me-
diator masses: mφ = GeV, which serves as the “heavy
mediator” limit as it is well above the regime of q relevant
for DM-NS thermalization; mφ → 0, which serves as an
asymptotic limit as we dial down the mediator mass; and
mφ = keV and mφ = MeV to capture the intermediate
behavior. We also choose 2 NS temperatures down to
which DM thermalizes: 105 K, roughly the smallest ob-
servational upper bound placed on NS temperatures so
far (see Table I of [54]), and 103 K, roughly the temper-
ature of DM kinetic and/or annihilation heating signals,
to which upcoming IR telescopes are sensitive [35, 36].
We mark τNS = 10
10 yr as a benchmark for the oldest
observable neutron stars. Hence parametric regions with
τtherm > τNS are unlikely to have led to complete ther-
malization with the star. In these regions DM could still
have partially thermalized, i.e. not sunk entirely to the
center of the star, and the ensuing DM annihilation (if
allowed) could occur at non-trivial rates, and may or may
not contribute to the observable heat signature. We leave
the investigation of these partial thermalization regimes
to future work. We do note that for electroweak-sized
annihilation cross sections and DM masses, thermaliza-
tion with just the km-thick crust of the NS is sufficient
to result in the maximum stellar luminosity arising from
DM annihilations [38].
We have omitted displaying the plots for electron tar-
gets for the operators OF3 , OF4 , and OS2 to avoid the fol-
lowing redundancy. As can be seen in Table I, their |M|2
is independent of the target mass, and thus the response
functions for neutrons and targets are identical (Eqs. (6)
and (8)), modulo the Heaviside theta function enforcing
kinematic conditions. Since, as discussed, these condi-
tions are satisfied in our parametric ranges, it effectively
takes DM just as long to thermalize with the NS by scat-
tering on electrons versus neutrons. We choose the lower
end of our mχ range to satisfy Gunn-Tremaine bounds
on fermionic DM [55]; lower masses are allowed for spin-0
DM, but we do not display them here for brevity.
We notice serveral interesting features in these plots.
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FIG. 2. Time taken for spin- 1
2
dark matter to thermalize with neutron stars with temperatures 103 K and 105 K via repeated
scattering on neutron targets. Shown are the τtherm for mediator masses zero, keV, MeV, and GeV. The panels correspond to
interaction structures described in Sec. II.3 and Table I. The color code for all the panels is given by the first one. See text for
further details.
(χ χ) (ee)
10-6 10-4 0.01 1 100 104 106
10-6
104
1014
1024
mχ (GeV)
τ therm
(yr) χ γ5 χ (e e)
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1014
1024
mχ (GeV)
τ therm
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FIG. 3. Same as Figure 2, but for spin- 1
2
DM and electron targets. For the operators OF3 and OF4 , τtherm is the same as in
Figure 2, and we omit displaying them.
First, the slopes of the mφ = GeV and mφ → 0 curves
are always distinctly different. This is because the prop-
agator term in |M|2 is dominated by m−4φ in the first
case and q−4ref in the second, where qref ∼
√
mχTNS is
the typical q in the final few scatters that set the ther-
malization timescale. This difference leads to different
powers of mχ feeding into the energy loss rate in Eq. (3)
and thus ultimately into τtherm in Eq. (4). Second, we
see that the keV and MeV mediator curves are paral-
lel to the GeV mediator curve for small mχ – here they
behave as “heavy mediators”, with τtherm ∝ m4φ; these
curves change slope and follow the massless mediator
curve for large mχ – here they are “light mediators” with
τtherm ∝ q4ref . The turnaround point in mχ corresponds
to mφ ' qref =
√
3mχTNS. We also see that while the
mφ = GeV and mφ → 0 neutron curves are straight lines,
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FIG. 4. Same as Figure 2, but for spin-0 DM and both neutron (top panels) and electron (bottom panel) targets. For the
operator OS2 the τtherm for electron scattering is the same as that of neutron scattering.
Operator mφ &
√
mχ T mφ .
√
mχ T mφ .
√
mχ T
neutrons electrons
OF1 35pi
3
12 g2T g
2
χ T 2
m4φ
mχm2T
24pi3mχ
g2T g
2
χm
2
T
10pi3mχ
3g2T g
2
χm
2
T
ln
(
m3χ + 3m
2
Tmχ(2mχ/T + 5)
33m2Tmχ +m
3
χ
)
OF2 7pi
3
3 g2T g
2
χ T 3
m4φ
m2T
16pi3
g2T g
2
χ T
m2χ
m2T
20pi3mχ
7g2T g
2
χm
4
TT
[
7m2T (mχ − 3T ) + 3T (m2χ + 2m2T )×
ln
(
3T (m2χ + 9m
2
T )
7mχm2T + 3m
2
χT + 6m
2
TT
)]
OF3 7pi
3
3 g2T g
2
χ T 3
m4φ
m2χ
16pi3
g2T g
2
χ T
20pi3
7g2T g
2
χmχT
[
7(mχ − 3T ) + 9T ln
(
30T
7mχ + 9T
)]
OF4 55pi
3
36 g2T g
2
χ T 4
m4φ
mχ
140pi3mχ
3 g2T g
2
χ T 2
140pi3mχ
3 g2T g
2
χ T 2
OS1 35pi
3
3 g2T a
2
χ T 2
m4φmχ
m2T
96pi3m3χ
g2T a
2
χm
2
T
40pi3m3χ
3g2T a
2
χm
2
T
ln
(
6(mχ/T )m
2
T +m
2
χ + 14m
2
T
m2χ + 32m
2
T
)
OS2 28pi
3
3 g2T a
2
χ
m4φ
T 3
64pi3m2χ
g2T a
2
χ T
80mχpi
3
7g2T a
2
χ T
[
7(mχ − 3T ) + 6T ln
(
27T
7mχ + 6T
)]
TABLE II. Limiting behaviours of thermalization time for the interaction structures in Table I for neutron and electron targets.
These expressions are good approximations to the numerically-obtained plots in Figs. 2, 3 and 4. Here T is the neutron star
temperature.
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FIG. 5. Contours of constant thermalization time = 107 and 1010 yr for NS temperatures 103 and 105 K, for interactions
between spin- 1
2
DM and neutron targets. Also shown is the curve corresponding to DM capture at saturation on a 1.5 M
mass, 12.6 km radius NS. The color code for all the panels is given by the first one. See text for further details.
(χ χ) (ee)
10-6 10-4 0.01 1 100 104 10610-6
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0.01
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m
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V)
χ γ5χ)(ee)
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1
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FIG. 6. Same as Figure 5, but for spin- 1
2
DM and electron targets.
the electron curves undergo changes in slope. This is be-
cause the |M|2 for neutron scattering is dominated by the
term with the lowest power of t, giving simply power law
results (see Appendix B), whereas that for electron scat-
tering is dominated by different powers in different mχ
regimes due to relativistic kinematics. Third, in smallmχ
regions where |t|  m2T,χ, we find for the operators OF1 ,
OF2 , and OS1 that thermalization with electrons is a fac-
tor of m2n/m
2
e longer than that with neutrons, as indeed
expected from their |M|2, and Eqs. (6) & (8). Fourth,
comparing among the operators, we find that thermaliza-
tion times are orders of magnitude longer for interactions
whose |M|2 are dominated by more powers of t. This is
as expected, since the typical |t| ' q2 ' 3mχTNS is much
smaller than m2χ,T , giving more suppressed |M|2 if dom-
inated by higher powers of t. Fifth, the heavy mediator
limit curves for OF2 and OS2 are nearly flat versus mχ.
This is because their |M|2 is dominated by m2χ in the
numerator, which cancels with the m−2χ in the response
function expression in Eqs. (6) & (8); the deviation from
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FIG. 7. Same as Figure 6, but for spin-0 DM and both neutron (top panels) and electron (bottom panel) targets.
flatness for the OF2 electron curves is due to competing
effects from the t2 term in the |M|2. Finally, we see that
colder NSs correspond to longer thermalization times, as
expected. The scaling of τtherm with temperature for OF1
is seen to agree with the analytical expression derived in
Appendix B for the heavy mediator limit and neutron
targets. In Table II we provide the limiting behavior of
τtherm in the heavy and light mediator limits for both
neutron and electron targets; these expressions provide
close analytical fits to the plots just examined.
The key features discussed above are reflected in our
results identifying regions where DM-NS thermalization
becomes important for observational prospects. We turn
to this next.
Our final results are displayed in Figs. 5, 6, and 7,
corresponding respectively to thermalizing interactions
between spin- 12 DM & neutrons, spin-
1
2 DM & electrons,
and spin-0 DM & neutrons and electrons. The ordering
of the panels follows that of Figs. 2, 3, and 4. We show
in the mφ vs mχ plane contours of τtherm = 10
7 yr, cor-
responding to the age of a NS by which it is expected
to have cooled down to TNS ∼ 103 K [56, 57], and of
τtherm = 10
10 yr, corresponding to the typical age of the
oldest NSs. As before, NS temperatures of 103 K and
105 K are chosen as our benchmark.
We indicate with a black dotted curve the mediator
mass below which we expect all incident DM to be cap-
tured by our benchmark NS in Eq. (9); for mφ larger
than this “saturation” limit, we expect a fraction of in-
cident DM to capture. For neutron targets this curve
is obtained by equating the capture cross section com-
puted in, e.g. Ref. [35], to the interaction-dependent
cross section σ =
∫
d cos θ(32pis)−1|M|2, where we take
s→ (mT+mχ(1+v2esc)/2)2 and t→ −2µ2χT v2esc, with µχT
the χ-T reduced mass. For electron targets we obtain an
approximate capture cross section by following the treat-
ment of neutrons but replacing mn with µe and account-
ing for the reduced number of targets: electrons are 0.065
times as numerous as neutrons in our benchmark star.
Similarly we estimate the interaction-dependent cross
section as above but with the replacement mn → µe. A
more detailed estimate of capture via electrons obtained
by following the treatment of Refs. [45, 46] results in a
rate which differs from the above naive estimates by at
most an order of magnitude.
The significance of the capture curve is that it depicts
the regions where DM-NS thermalization becomes inter-
esting from an observational viewpoint. To illustrate
with an example, suppose that a nearby, isolated neu-
tron star were discovered, and its age determined to be
∼ 1010 yr. To place constraints on DM interactions based
on the NS’ thermal luminosity, we must first ask whether
annihilations in the core are efficient, for which we check
if the thermalization process has completed. For OF1 and
neutron targets, the τtherm = 10
10 yr contour lies entirely
outside the capture region, implying that thermalization
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is guaranteed in the candidate star. For all other oper-
ators and for electron targets, there are ranges of mχ –
prominently at low mass – where the τtherm = 10
10 yr
contour lies inside the capture region. This implies that
we cannot expect thermalization to have completed in
the space between this contour and the dotted curve.
We see that the τtherm contours indeed agree with
Figs. 2–4 at the relevant mediator masses; the vertical
fall-off in some of these curves correspond to the rapid
turn-around and following-along of mφ → 0 curves in
those plots. Our results as a whole (Figs. 2−7) give
a representative picture of thermalization and its rela-
tionship with capture; similar results can be obtained
by varying the benchmark couplings we had chosen in
Sec. II.3, but we do not expect the qualtitative con-
clusions to be different. Parts of the parameter space
in Figs. 5−7 are constrained by direct searches for DM
scattering, indirect searches for galactic DM annihilation,
the relic abundance of DM if set by thermal freeze-out,
and collider searches. These constraints, found in e.g.
Refs [36, 43, 45, 46], are not displayed here as the fo-
cus of our work is to explore regions of thermalization
vis-a-vis capture in NSs.
IV. DISCUSSION
We have shown that, in several DM scenarios, ther-
malization in NSs post-capture is an important pro-
cess that impacts observation prospects of candidate
stars. State-of-the-art infrared telescopes such as the
James Webb Space Telescope (JWST), Thirty Meter
Telescope (TMT), and Extremely Large Telescope (ELT)
are scheduled to be operational in the coming decade.
These are sensitive to extremely faint objects at 10
pc distances with blackbody surface temperatures down
to 1000 K [36]. In the so-called minimal cooling
paradigm [56, 57], neutron stars (in the absence of exotic
phases in the core) can ideally cool to temperatures well
below 1000 K within Gyr timescales. On the other hand,
DM can capture in NSs via scattering on its constituents,
and the instantaneous transfer of kinetic energy can heat
a typical NS to 1750 K in the solar neighbhorhood [35].
Additionally, if DM annihilations occur efficiently in the
NS core, the star can heat up to a maximal temperature
of 2500 K, which could reduce telescope integration times
by O(10) factors [35]. But for successful annihilation-
heating to happen, DM must first thermalize with the
stellar core medium via repeated scattering within Gyr
timescales, i.e. the typical ages of the oldest NSs.
In this work, we have computed the DM thermal-
ization time for DM-SM interaction Lorentz structures
listed in Table I, for non-relativistic (neutrons) and re-
latvisitic (electrons) target particles, in both the effec-
tive “heavy” mediator and “light” mediator limits. We
have also provided analytical functions for the thermal-
ization time that reproduce well the asymptotic behavior
of numerical results. We find that, except for the opera-
tor OF1 with neutron targets, in all other scenarios there
are regions where despite efficient capture of DM it does
not thermalize with the NS within Gyr timescales. Thus
DM will not maximally heat the NS via annihilations;
for such regions, kinetic heating of NSs may be the only
signature. This effect appears at first glance to be a
contradiction, since one would naively expect capture to
be efficient in regions where thermalization is quick, and
vice versa. However the dynamics of the two processes
are governed by distinctly different scales. Capture is
determined chiefly by the escape energy, determined by
macroscopic parameters of the star such as its mass and
radius; Pauli-blocking comes into play, in a simple man-
ner, only for mχ below the Fermi momentum. On the
other hand, the thermalization timescale is set by the fi-
nal kinetic energy of DM particles, i.e. the temperature
of the NS core TNS. As discussed before, q  µ during
the longest intervals of thermalization. In this regime,
only those target particles close to their respective Fermi
surfaces allow for DM to continuously lose energy and
thermalize.
If DM thermalizes with the NS, the next question to
address would be whether the DM capture and annihila-
tion rates equilibrate. Once DM is thermalized, their dis-
tribution is confined to the thermal radius, given by [13]
rth =
(
3TNSR
3
NS
GMNSmχ
)1/2
= 0.1 m
(
GeV
mχ
TNS
103 K
)1/2
.
(10)
Among the operators we have considered, s-wave an-
nihilation to SM fermions dominates for OF2 , OF4 , OS1
and OS2 , whereas the p-wave dominates for OF1 and OF3 .
For sufficiently light mediators, DM annihilation to a
pair of mediators will also be allowed. Below the elec-
tron kinematic threshold mχ ' 0.5 MeV, only DM an-
nihilations into γγ could possibly heat the NS; annihila-
tions into neutrinos will deposit heat only for mχ > 100
MeV [48]. In order to estimate the typical annihilation
cross section required for equilibration we parameterize
〈σv〉ann = a + b v2 and demand that τNS/τeq . 5, with
the equilibration time τeq = (Vth/C〈σv〉ann)1/2. Here C
is the DM capture rate and Vth = 4/3pir
3
th is the thermal
volume. This results in the condition
a > 7.5×10−54 cm3/s
(
Gyr
τNS
)2(
Csat
C
)(
GeV
mχ
TNS
103 K
)3/2
when the annihilation is s-wave-dominated, and
b > 2.9×10−44 cm3/s
(
Gyr
τNS
)2(
Csat
C
)(
GeV
mχ
TNS
103 K
)1/2
(11)
when it is p-wave-dominated, and where Csat is the sat-
uration capture rate.
Current available data allow for some exotic phases
such as hyperons and quark matter to perist in the NS
core [58–60]. As shown in Ref. [13], DM does not ther-
malize with a NS core in a color-flavor-locked phase for
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vector operators. Similar results hold for scalar opera-
tors. We note that in such a scenario only light DM,
whose thermal radius extends beyond the core, can ther-
malize. We also remark that when the core is dominated
by exotic phases DM capture is likely effected by the NS
crust [38], in which case the subsequent thermalization
with the crust material, which is not Fermi-degenerate
in most regions, can be treated in a more simple manner
than done in our work.
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Appendix A: Response function for relativistic
(electron) targets
For ultra-relativistic targets such as electrons we have
Ep = |p| and Ep′ = |p+ q|, so that the response function
in Eq. (5) becomes
S(q0, q) =
|M|2
16m2χ
∫
d3p
(2pi)3
(2pi)δ (q0 + |p| − |p+ q|)×
1
|p||p+ q|f(|p|) (1− f(|p+ q|)) . (A1)
The delta function may be expressed in terms of the scat-
tering angle θpq:
δ (q0 + |p| − |p+ q|) = −|p+ q|
pq
δ
(
cos θpq − cos θ∗pq
)×
Θ(p− p−) ,
cos θ∗pq =
1
2pq
(
q20 + 2pq0 − q2
)
,
p− =
1
2
(q − q0) . (A2)
Note that f(|p + q|) → f(p + q0) upon integration over
the delta function. As the NS temperature we consider is
O(0.1− 10) eV, q0 > TNS is a good approximation up to
the last stages of thermalization. In the limit µ  TNS
in the above integral, we have∫ ∞
p−
dpf(p) (1− f(p+ q0)) = q0
1− e−q0/TNS ×
(−1 + Θ(−q0 + q − 2µ))
→ q0Θ(2µ+ q0 − q) . (A3)
Using this we obtain the response function for relativistic
targets written in Eq. (8).
Appendix B: Analytic expressions for energy loss
rate for non-relativistic (neutron) targets
In this appendix we provide analytic expressions for
the thermalization time for neutron targets in the heavy
mediator limit. These are obtained by writing out the
energy loss rate in Eq. (3) as
Φ =
1
2pi2
∫
k′ 2dk′d cos θkk′S(q0, q)
×
(
k2
2mχ
− k
′ 2
2mχ
)
, (B1)
where S(q0, q) is given by Eq. (6).
From Table I, for mediator masses  qref ∼√
3mχTNS, we can expand the squared amplitude as:
|M|2 =
∑
n=0,1,2
αnt
n , (B2)
where the coefficients αn can be read off of Table I. We
can then break down the response function into powers
of t = (q20 − q2):
Sn(q0, q) =
αn
16pim2χ
q0
q
tn .
This allows us to break down the energy loss rate as well
(Eq. (B1)), and we get:
Φ0 = α˜0
k6
105m2χ
,
Φ1 = α˜1
2 k8
63m2χ
(
1
3
− 2 k
2
55m2χ
)
, (B3)
Φ2 = α˜2
8 k10
495m2χ
(
1− 2 k
2
13m2χ
+
k4
91m4χ
)
,
where α˜n = αn/(16pi
3m2χ).
We note that using the expression for Φ0 above in
Eq. (4), and with khot = mχvesc and kcold =
√
3mχTNS,
we obtain
τtherm = Λ
4 105pi
3
4
mχ
m2n
(
1
k4hot
− 1
k4cold
)
, (B4)
in agreement with Ref. [13]. This also agrees with the
first entry in Table II.
More generally, Eq. (B4) implies that at leading order
in kcold, we have τtherm ∝ k−6cold ∝ T−3NS for OF2 , OF3 and
OS2 , and τtherm ∝ k−8cold ∝ T−4NS for OF4 , as reflected in
Figs. 2−4 and Table II.
Appendix C: Number of scatters to thermalize
It is instructive to estimate the number of scatters re-
quired for DM-NS thermalization. Assuming the squared
amplitude is independent of Mandelstam variables, from
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Eq. (1) the average energy lost in a collison for neutron
targets is given by
〈∆E〉non−rel =
∫ k
0
dΓ(Ei) (Ei − Ef )∫ k
0
dΓ(Ei)
=
4
7
Ei , (C1)
where Ei is DM energy before collision. For electron
targets we similarly have
〈∆E〉rel ≈ 2
3
Ei . (C2)
These fractional energy losses are huge, hence we can
expect DM to thermalize after a small number of scatters.
This is obtained as the sum of a geometric series:
NT = log(Eth/E0)
log (1− αT) . (C3)
Here the thermal energy Eth = 3/2TNS, the initial
DM energy E0 = mχv
2
esc/2, and αT = 4/7 (2/3) for neu-
tron (electron) targets. Thus for TNS = 10
3 − 105 K,
NT = O(101 − 102) over the whole range of DM masses
considered, with a gradually increasing logarithmic de-
pendence on the mass. In particular, for TNS = 10
3 K,
we find that Nn spans 9 − 44 and Ne spans 7 − 34. For
squared amplitudes that depend on tn, n ≥ 1, we find
again that the number of scatters is O(10), with O(1)
variation with respect to the above.
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